Two cDNAs, ADS1 and ADS2, were isolated from Arabidopsis. These cDNAs encoded proteins homologous to A9 acyl-lipid desaturases of cyanobacteria and acyl-CoA desaturases of yeast and mammals. The expression of ADS1 and ADS2 was organ-dependent. Cold temperature up-regulated the ADS2 expression, whereas it down-regulated the ADS1 expression.
animals and fungi, 16:0 and 18:0 fatty acids are desaturated in CoA-bound forms by A9 acyl-CoA desaturases (Holloway 1983) . Therefore, A9 fatty acid desaturases are classified into three groups; acyl-ACP, acyl-lipid and acylCoA desaturases, according to the form of the fatty acids with which they react (Murata and Wada 1995) . The A9 acyl-ACP desaturase of higher plants is structurally unrelated to the A9 acyl-lipid desaturase of cyanobacteria or A9 acyl-CoA desaturase of yeast and mammals (Shanklin and Somerville 1991) .
For higher plants, most information on the function and specificity of fatty acid desaturases has come from characterization of Arabidopsis mutants which are deficient in specific desaturation activities . The genes for these mutants, except iox fad4 and fadS mutants, have been isolated (Arondel et al. 1992 , Gibson et al. 1994 , Hitz et al. 1994 , Iba et al. 1993 , Okuley et al. 1994 . The FAD4 gene encodes a A3 desaturase that introduces a trans double bond into 16:0 which is in turn esterified to phosphatidylglycerol. The FADS gene product is responsible for the Al desaturation of 16:0 on monogalactosyldiacylglycerol (Browse et al. 1985 , Kunst et al. 1989 ).
Recently we isolated rose cDNAs which encoded a protein homologous to id 9 acyl-lipid desaturase of cyanobacteria and 49 acyl-CoA desaturase of yeast and mammals (Fukuchi-Mizutani et al. 1995) . Surprisingly, there was no significant homology between the rose protein and any fatty acid desaturase reported in higher plants, suggesting rose petals might contain a novel fatty acid desaturation process. In order to address the question of whether such a novel desaturation process is widely distributed in higher plants, we looked for genes homologous to A9 acyl-lipid or acyl-CoA desaturase genes in Arabidopsis thaliana.
Design of oligoprimers-The amino acid sequence of the putative A9 fatty acid desaturase of rose (FukuchiMizutani et al. 1995 ) was compared with those of A9 acyllipid desaturases of cyanobacteria (Sakamoto et al. 1994) and A9 acyl-CoA desaturases of yeast and mammals (Kaestner et al. 1989 , Ntambi et al. 1988 , Stukey et al. 1990 , Thiede et al. 1986 ). We found conserved domains which are specific to these A9 desaturases, and three con-A9 fatty acid desaturase horaologues in Arabidopsis served regions containing His residues which are assumed to play an essential role at the catalytic site of the desaturases Wada 1995, Shanklin et al. 1995) . On the basis of these conserved regions, we designed a pair of oligoprimers, A9-1 and A9-3. These corresponded to DPHX-(S/P)NKGF in the forward direction and GEGWHNNHH in the reverse orientation, respectively (Fig. 1, 2) . The sequences of the ^J9-l and A9-3 primers were as follows:
, respectively. The A9-3 primer included one of the His clusters. The use of thez49-l primer prevented amplification of fragments corresponding to the already isolated Arabidopsis co3 and A12 desaturases, since the sequence for the A9-1 primer is specific to A9 desaturases but not to co3 and A12 desaturases.
Isolation of Arabidopsis cDNAs homologous to A9 desaturase genes-An
Arabidopsis cDNA library was constructed using poly(A + ) RNA prepared from 7-d-old seedlings as described by Mizutani et al. (1997) . The cDNA library was mass excised, and the resultant pBluescript II phagemids containing Arabidopsis cDNAs were used as templates for PCR with use of the A9-\ and A9-1 primers.
Fragments of approximately 350 bp, which was the size expected for the region surrounded by the two oligoprimers in A9 fatty acid desaturase cDNAs, were recovered and cloned into pCRII vector (Invitrogen, San Diego, CA). Eighteen clones containing the amplified fragment were sequenced. One of them, designated #1-1-12, had an open reading frame whose amino acid sequence was highly homologous to the sequences of the corresponding region in A9 acyl-lipid and acyl-CoA desaturases.
Approximately 3 x 10 5 phage recombinants derived from the Arabidopsis cDNA library were screened with the #1-1-12 fragment labeled with digoxigenin-linked UTP (Boehringer Mannheim, Indianapolis, U.S.A.). Forty-nine positive clones were obtained and partially sequenced at both 5' and 3' ends. Based on their sequences, they were classified into two groups. The clones, ADS1 and ADS2, which had the longest 5' sequence in each group were chosen for further analysis.
Structural analysis of ADS 1 and ADS2 cDNAs-The entire sequences of ADS1 and ADS2 cDNAs were determined. The ADS1 and ADS2 cDNAs were 1,178 and 1,150 bp in length respectively and contained open reading frames of 305 and 307 amino acid residues. The ADS1 cDNA contained a stop codon (TAG) five amino acids upstream of the putative initiation methionine codon within the reading frame, indicating that the ADS1 cDNA contained the entire coding region. Although the ADS2 cDNA did not contain a stop codon upstream of the first ATG, we assumed that the first ATG was the putative initiation codon for the protein encoded by the ADS2 gene. This assumption was based on comparison of the ADS1 and rose A9 desaturase homologue (Fig. 1) .
The proteins encoded by ADS1 and ADS2 cDNAs (ADSIP and ADS2P, respectively) showed 76% sequence identity of amino acids (Fig. 1) . Their estimated molecular masses and isoelectric points were 36.4 kDa and pH 9.69 for ADS1P, and 36.1 kDa and pH 9.59 for ADS2P.
ADS1P and ADS2P contained three clusters of His residues ( Fig. 1, 2 , thick bars) that are conserved in all A9 acyl-lipid and acyl-CoA desaturases (Fukuchi-Mizutani et al. 1995 , Murata and Wada 1995 , Sakamoto et al. 1994 , Shanklin et al. 1995 . ADS1P and ADS2P also contained the amino acid sequence specific to the A9 acyl-lipid and acyl-CoA desaturases from which the A9-\ primer was derived ( Fig. 1, 2 , dotted line).
The Kyte-Doolittle profiles of ADS IP and ADS2P revealed two long hydrophobic regions; 1-39 to V-80 and T-179 to C-222 for ADS1P, and K-43 to V-82 and L-178 to H-224 for ADS2P. A few hydrophilic residues were observed around the center of the each hydrophobic region. These characteristics and the relative position of the two hydrophobic regions and the three His clusters observed in ADS IP and ADS2P are consistent with the topological model proposed for the yeast A9 acyl-CoA desaturase, in which the desaturase spans the membrane in two hydrophobic regions and the conserved His clusters are placed on the membrane surface (Stukey et al. 1990 ).
Amino acid sequences of ADS IP and ADS2P were compared with the sequences in the Genbank and Swissplot data bases. The ADS IP and ADS2P showed the highest homology (46%) to the putative rose A9 fatty acid desaturase (Fukuchi-Mizutani et al. 1995) . The homology of ADS IP and ADS2P with the A 9 acyl-lipid desaturases of the cyanobacteria, Synechocystis sp. PCC6803 (Sakamoto et. al. 1994) and Anabaena variabilis (Sakamoto et al. 1994) , was from 33 to 36% (Fig. 1) . The homology of ADS1P and ADS2P with mammalian and yeast A9 acyl-CoA desaturases (Kaestner et al. 1989 , Ntambi et al. 1988 , Stukey et al. 1990 , Thiede 1986 ) was from 15 to 20%. Highly conserved sequences were observed in and around the three His clusters (Fig. 2) . No significant homology was observed with any fatty acid desaturases of higher plants including the A9 acyl-ACP desaturases. There was no homology with z47-sterol-C5-desaturases reported in Arabidopsis and yeast (Arthington et al. 1991 , Gachotte et al. 1996 , except for the presence of the three His clusters.
There are no leader sequences characteristic for targeting to the plastids nor mitochondria in ADS IP and ADS2P. Analysis by PSORT protein sorting analysis program (National Institute for Basic Biology, Okazaki, Japan, e-mail: psort@nibb.ac.jp) suggests that ADS1P and ADS2P are most likely to localize in the cytoplasm, plasma membrane or microbody, probably in a membranebound form.
Genomic Southern hybridization analysis-Genomic Fig. 1 Alignment of ADSIP and ADS2P with the amino acid sequence of A9 acyl-lipid desaturases of cyanobacteria and putative A9 fatty acid desaturase of rose. The amino acid residues identical between ADSIP and ADS2P are indicated by crosses. The amino acid residues identical in all the aligned sequences are indicated by asterisks. The amino acid residues identical to either ADSIP or ADS2P are shadowed. The thick bars indicate three clusters of His residues, H-X-X-X-X-H and H-X-X-H-H. The dotted bars represent the regions which correspond to A9-\ and J9-3 oligoprimers. Rose, putative A9 fatty acid desaturase of rose (Fukuchi-Mizutani et al. 1995) ; Anabaena, A9 acyl-lipid desaturase of Anabaena variabilis (Sakamoto et al. 1994) ; Synechocystis, A9 acyl-lipid desaturase of Synechocystis sp. PCC 6803 (Sakamoto et al. 1994 ). +++++++++ +++***+*+* A9-3 Fig. 2 Alignment of ADS1P and ADS2P with the amino acid sequences of acyl-CoA desaturases of yeast and mammals. Alignments are shown in three highly homologous regions. The amino acid residues identical between ADS1P and ADS2P are indicated by crosses. The amino acid residues identical in all the aligned sequences are indicated by asterisks. The amino acid residues identical to either ADS1P or ADS2P are shadowed. The thick bars indicate three clusters of His residues. The dotted bars represent the regions which correspond to J9-1 and J9-3 oligoprimers. MOUSE1 and MOUSE2, A9 acyl-CoA desaturases of mouse (Ntambi et al. 1988 , Kaestner et al. 1989 ; RAT, A9 acyl-CoA desaturase of rat (Thiede et al. 1986 ); YEAST, A9 acyl-CoA desaturases of yeast (Stukey et al. 1990 ).
sham) and probed with the full length ADS1 or ADS2 cDNA fragment labeled with [a-32 P]dCTP. Hybridization and washing was done under high stringent conditions as described by Mizutani et al. (1997) . When ADS1 cDNA was used as a probe, a single hybridization signal was observed after digestion with BamHl (which does not cut the ADS1 cDNA) and two bands were observed after digestion with Hindlll (which excises ADS1 cDNA at one site) (Fig. 3) . Three bands were detected after digestion with EcoRl (which does not digest the internal sequence of ADS1 cDNA), probably because of restriction sites in the introns of the ADS1 gene. When ADS2 cDNA was used as a probe, a single band was detected after digestion with BamHl, EcoRl or Hindlll, all of which have no restriction sites in the ADS2 cDNA (Fig. 3) . These results suggest that both ADS1 and ADS2 are single copy genes in the Arabidopsis genome.
Organ-specific expression of ADS I and ADS2 genesExpression of the ADS1 and ADS2 genes was analyzed by Northern hybridization as described by Mizutani et al. (1997) . [a- 32 P]-labeled probes were derived from the entire sequence of ADS1 and ADS2 cDNAs. Total RNA was extracted from roots, leaves, inflorescence meristems, flowers, and seedpods of Arabidopsis plants grown under continuous light at 22°C (Lagrimini et al. 1987 ). The ADS1 and ADS2 genes were expressed in all analyzed organs, although they showed different patterns of expression (Fig. 4) . The ADS1 gene was expressed most strongly in inflorescence meristems followed by leaves and flowers, and very weakly in roots and seedpods. The ADS2 gene was expressed strongly in all the analyzed organs, although the expression level was higher in flowers and roots than other organs. These expression patterns of the ADS1 and ADS2 genes differ from that of the rose A9 desaturase homologue whose expression was observed only in senescing petals (Fukuchi-Mizutani et al. 1995) .
Temperature-dependent expression of ADS1 and ADS2 genes-It has been reported that expression of fatty acid desaturase genes is enhanced at reduced temperature , Gibson et al. 1994 or by a decrease in membrane fluidity caused by catalytic hydrogenation of the fatty acids of membrane lipids . In order to investigate the effect of low temperature on the expression of ADS1 and ADS2 genes, 2-week-old Arabidopsis plants grown under continuous light were transferred from 22°C to 10°C and total RNAs from leaves of these plants were probed with [a-32 P]-labeled ADS1 or ADS2 cDNA fragment (Fig. 5) . The level of the ADS2 transcript was transiently increased more than 3-fold within 8 h after transfer to 10°C, and gradually decreased afterward. After 2 weeks of the cold treatment, the level of the ADS2 transcript returned to approximately the same level as that of of the ADS2 gene. In contrast, the level of the ADSl transcript decreased after the downward shift in temperature. These results indicate that the expression of ADSl and ADS2 genes are differently regulated in response to changes in temperature.
Possible function and physiological role of ADS1P and ADS2P-The function and physiological role of ADS1P and ADS2P are not clear at this moment. However, their significant homology with A 9 acyl-lipid or acylCoA desaturases suggests that their enzymatic activity are similar to those of A9 fatty acid desaturases. This is also supported by the observation that the expression of the ADS2 gene was enhanced after downward shift in temperature. Such a profile of the expression is similar to that of the AM desaturase gene (desA) of cyanobacteria which also exhibited a transient increase in expression level after a downward shift in temperature . Transformation with the desA gene enhanced chilling tolerance of a cyanobacteria (Wada et al. 1990) , suggesting that the enhancement of chilling tolerance can be attributed to a decrease in phase-transition temperature of cytoplasmic membranes as a result of increasing level of dienoic fatty acids of membrane lipids. Therefore, the desaturase encoded by the ADS2 gene may be involved in maintenance of membrane fluidity after a downward shift in temperature.
The present results together with the isolation of A 9 desaturase homologue from rose (Fukuchi-Mizutani et al. 1995) suggest that acyl-lipid or acyl-CoA desaturase participates in desaturation at the A9 position of 18:0 and/or 16:0 in a wide range of higher plants. However, neither 49 acyl-lipid nor acyl-CoA desaturase is involved in the current scheme for C18 or C16 fatty acid biosynthesis of glycerolipids in higher plants. It is assumed that 18:0 is desaturated very efficiently to 18:1 by the A9 acyl-ACP desaturase and that C16 fatty acids are desaturated at the Al position of 16:0 on monogalactosyldiacylglycerol or the A3 (trans) position of 16:0 on phosphatidylglycerol by as yet unidentified desaturases (Browse et al. 1995) . Van de Loo et al. (1995) reported that oleate Ate hydroxylase from caster bean showed 67% homology with microsomal Ate desaturase from Arabidopsis. Considering the significant homology between Ate hydroxylase and Ate desaturase, we can not rule out completely that the A9 desaturase homologues encoded in ADS1 and ADS2 have activity as hydroxylase. Even if it is the case, as Arabidopsis does not contain A9 hydroxylated fatty acids in its lipid constituents, the protein encoded in ADS1 and ADS2 could be involved in production of hydroxylated acyl-CoA precursors which are then utilized in pathways other than lipid biosynthesis.
Reverse genetics and heterologous expression will provide clearer ideas on the function and physiological role of these new type of A9 fatty acid desaturase homologues in Arabidopsis thaliana.
